Temperature gradients in the vertical direction decreased with increasing height. The maximum and mean temperature gradients above the surface of the concrete floor, in the absence of grain, were 5.4°C/cm and 3.6±0.0°C/cm; respectively. The room temperatures at higher locations varied less than those at lower locations. Moreover, after the surface grain temperature reached 97% of its maximum temperature, it was influenced by the local temperature and periphery configuration. Key words: Heat treatment, grain-processing building, temperature.
INTRODUCTION
Controlling stored-product insects by heating food processing and storage facilities to lethal temperatures is an old and effective technology (Dean 1911; Fields 1992; Beckett et al. 2007 ). This method was widely used at the turn of the 20th century, but was replaced with chemical fumigation because of its lower cost and ease of application. Methyl bromide, a space fumigant widely used for disinfestations of food processing facilities, was phased out in 2005 in developed countries. Heat treatment is one of the alternatives to replace methyl bromide (Fields and White 2001) . Most modern grain processing buildings can withstand temperatures of 50°C to 60°C for extended periods of time (Imholte and Imholte-Tauscher 1999) . However, caution should still be exercised, to prevent damage to heat-sensitive equipment.
During heat treatment, the entire facility, or portions of, is heated to between 50°C to 60°C for 24 to 36 hours (Imholte and Imholte-Tauscher 1999; Fields and White 2001) . Stored-product insects are dead within 8 h at 50ºC (Fields 1992; Mahroof et al. 2003a) . Grain processing facilities are large complex structures. The 24 to 36 h time period at 50ºC is required so that all the contents of the facility can reach 50ºC and provide a sufficient length of time to kill all insects. It is also recommended that grain and grain products be removed from silos, equipment and floors before heat treatment (Imholte and ImholteTauscher 1999; Beckett et al. 2007 ). The reason for this extensive sanitation is that grain and grain products are good thermal insulators (Jian et al. 2009 ), thus providing refuge for insects from extreme temperatures. Cleaning and emptying the facility and equipment, which is done after the entire facility is shut down and before heat treatment is started, is time consuming and a challenge because the cleaning must be completed in a short time period. Flour mill owners want to maximize the duration that the facility is in operation. Therefore, it would be useful to determine the maximum amount of grain or grain products that can be left behind in equipment and on floors, and whose presence would still allow enough heat to penetrate the product and control insects.
Time-temperature relationships play an important role in effective heat treatment for insect management (Mahroof et al. 2003a; 2003b) . Effectiveness of this heat treatment process is determined by maintaining an air temperature between 50 to 60°C inside the entire building. In two heat-treated buildings, Akdogan et al. (2005) found the maximum temperature varied substantially throughout the treated rooms. Under-heated areas, with temperature less than 50°C, were detected on every floor. These underheated areas were mostly detected in corners or along walls. Therefore, it is a challenge to establish a heating system that will maintain a balanced distribution of heat on all floors (Akdogan et al. 2005 ) and, at the same time, avoid the risk of damage to heat-sensitive equipment.
Temperature prediction using a mathematical model is one of the methods guiding effective heat treatment to achieve an evenly balanced heat distribution, because of the following: 1) a mathematical model can also predict cold areas; 2) predicted temperature distribution can be used to design heat treatments and avoid over-and underheating; 3) redirecting heat from the predicted over-heated areas to cooler areas will facilitate homogeneous heating; and 4) this method can minimize energy and duration required for heat treatment. Verification and validation using measured heat treatment data are necessary procedures to develop a highly accurate mathematical model.
The aims of this study were to determine: 1) the room temperature distribution inside a flour mill storage building during heat treatment; 2) the temperatures of the concrete floor covered with different grain types; and 3) the temperature distribution of grain mass on the concrete floors. The measured data were used to verify and validate the developed mathematical models in Part II (Jian et al. 2012) . 
MATERIALS AND METHODS

Grain and grain flour
Preparation of grain tubes and piles
Grain or flour were placed inside short metal tubes (0.35 m diameter and 0.15 m high) or were freely poured on the concrete floor of the building (Fig. 1 ). The vials with 50 adults were inserted in the middle of each tube or pile (Fig.  1) . Six thermocouples were installed inside each tube. Thermocouples were located at the bottom, middle and top of the centre and wall of the tubes. The thermocouple located at the bottom of the tubes was taped on the concrete floor. There were three thermocouples located inside each grain or flour pile (Fig. 1) . The thermocouples were connected to a data acquisition system (Agilent Technologies, Inc., Santa Clara, CA) and the temperatures were recorded every 2 min.
Experimental procedure
Grain or flour was placed into the tubes or on the concrete floor through a funnel. The bottom diameters of the pile of whole wheat, whole oats, wheat flour, and oat flour were 0.603±0.02; 0.580±0.02; 0.463±0.01; and 0.493±0.01 m, respectively. Twelve grain tubes and 12 grain piles were arranged in two concentric circles (Fig. 2) . The grain tubes were located in the inner circle (2.0 m diameter) and the piles in the outer circle with 2.2 m diameter. Based on the airflow distribution, the experimental area was subdivided into six areas and the airflow rate in each area was in the range of ±0.3 m/s ( bottomed bins, 12.2 m height (including 1.8 m of the bottom part of the hopper) and 3.7 or 4.9 m diameter. Most of the bins were empty, but a few contained grain or grain products. The top and bottom of the bins were closed during the heat treatment process. The experiment was conducted at the southwest corner of the floor of the building (Fig. 2) . To measure the temperature distribution in both vertical and horizontal directions, temperatures at four corners of the experimental location were measured ( Fig. 2) . At each location, thermocouples were located at the top (about 0.5 m below the ceiling, referred to as Ceiling), middle (9 m above the floor, referred to as Middle-Room), bottom (about 0.05 m above the floor, referred to as Above-Floor), and on the concrete floor of the building (referred to as On-Bare-Floor). From 10:00 AM to 8:00 AM the next day, the building was heattreated using a heater (Temp-Air, Model: Temp-Heat THP-4500, Burnsville, MN, USA). The heater produced between 200,000 to 4,500,000 BTU/h (58 600 to 1,318,800 W) with airflow of 0.71 m 3 /min (Johnson and Danley 2003) .
The temperatures took about 12 h to reach maximum temperature of 64.5°C at the ceiling. The heating rate was about 3.8°C/h. To generate an evenly distributed temperature, four circulating fans (1.20 m diameter and 0.60 m wide, VS-36, Schaefer, Florida, USA) were used on each floor, and were occasionally adjusted.
After a 20 h heat treatment, when the heaters were shut down and the temperature at the centre of the grain mass inside the tubes or piles was cooled down to ≤ 45ºC, the grain was sampled at the centre location of the grain mass and its moisture content determined (ASABE 2009). The mortality of adults inside the vials was visually determined in the laboratory at room temperature.
Data analysis
Non-linear regression was conducted to fit the measured temperatures (Sigmaplot 2010 Fig. 3 ). Therefore, this equation (Eq.1) was used to characterize the measured temperatures.
where: T = temperature (°C), [a] The location is in the order of from the hottest to the coldest. [b] Parameters for the regression equation T 0 , a, and b = constants, and t = the cumulative time of the heat treatment (h). The rate of temperature increase is the slope (derivative) of Eq.1:
where: T´= the rate of temperature increase (°C/h); 20 h is the maximum time of heat treatment. The temperature would reach 97% of the maximum temperature in each replicate when =
was used to calculate the rate of temperature increase (mathematically, the slope at t h was close to the average rate of the temperature increase). The measured temperatures at ≥ To evaluate the room temperature variations, the following statistics were calculated: 1) means and standard errors of the temperatures at the same height and same cumulative time of the heat treatment; 2) the temperature difference at the same heights and at the same cumulative time of the heat treatment but at different locations (TD).
If grain at the surface of the tubes or piles experienced the process of thin layer drying, the drying rate of the thin layer would increase with increasing air temperature, but would be independent of airflow rate (Bala 1997) . However, different airflow would create different vicinity temperatures. Therefore, it was hypothesized that the surface temperature of the grains inside the tubes or piles was mainly influenced by the vicinity temperature, periphery configuration (flat or sloped surface in tubes or piles, respectively), grain type, and grain moisture content.
In this study, there are not enough data to verify the effect of moisture content and grain type. To verify the influences of periphery configurations, a two-factor experiment was designed and factor analysis was conducted by comparing the rate of temperature increase and MT of the surface temperature of grains. During the factor analyses, one factor was the area in which the grains were located (Fig. 2) and the other was the periphery configuration (pile or tube). Time (h) [b] MT (ºC) [c] Rate (°C/h) [d] Inside the heat-treated building [a] Location is in the order of from the top to bottom inside the building, or from hottest to the coldest on the bare concrete floor. [b] Time to reach 97% maximum temperature.
[c] Maximum temperature. [d] Rate of the temperature increase. In the columns of Time, MT, and Rate, the different letters (Z and Y) after the number indicted significantly difference at 0.05 level using Tukey test. even though some places on the floor had circulating fans. The mean and maximum temperature differences between the locations, Middle-Room and Above-Floor, were 5.2±0.1°C and 9.4°C, while those at Above-Floor and OnBare-floor were 18.1±0.2°C and 26.9°C, respectively (Fig.  3 ). This created a maximum of 5.4°C/cm and a mean of 3.6±0.0°C/cm temperature gradients above the surface of the concrete floor without grain. Therefore, to kill all insects inside a building, the temperature on the concrete floor during heat treatment should be closely monitored.
The standard errors of the temperatures at AboveFloor and On-Bare-Floor were the first and second largest, compared to those at Middle-Room and Ceiling (Table 3) . The maximum value of the TD at Ceiling was 2.6°C and the lowest temperature did not always occur at one location. The maximum value of the temperature differences at Above-Floor and On-Bare-Floor were 16.5 and 12.7°C, respectively (Table 3 ). The lowest temperature at Above-Floor and On-Bare-Floor always occurred at the South-West location (Fig. 4) . Temperature at Ceiling was higher than that at Middle-Room in the first 2.6 h of the cumulative heat treatment time (Fig. 3) . After 2.6 h and before the heaters were shut down, there was no significant difference at these two locations (Fig. 3 , Table  2 , Paired T-test, t = 1.86, P = 0.06). The temperature of On-Bare-Floor was always lower than that at the higher locations. These results, therefore, indicated the following: 1) room temperature at different locations had the same distribution pattern in the vertical direction, even though some places had circulating fans; 2) temperatures at lower locations had larger variations than those at higher locations; and 3) temperatures of On-Bare-Floor had the largest temperature variation.
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RESULTS AND DISCUSSION
Room temperature distribution
Inside the heat-treated building, the temperature at the measured location, except On-Bare-Floor, reached their maximum temperatures at the end of the heat treatment (Table 2, Fig. 3 ). Compared with the temperatures at other locations, the temperatures under Ceiling had higher initial temperatures (more than 3°C higher than at Middle-Room, Fig. 3 ). This was the reason why the Ceiling had a lower mean rate of temperature increase than that at MiddleRoom and Above-Floor. There was no significant difference in the rate of temperature increase, in reaching 97% maximum temperature, or maximum temperature among Ceiling, Middle-Room and Above-Floor. However, there was a significant difference between the On-BareFloor and temperatures at other locations (Table 2 ). These results indicated that the temperature gradients in the vertical direction decreased with the increase of height, [c] F and P values of the factor test.
[d] WW = whole wheat; WO = whole oats; WF = wheat flour; OF = oat flour.
[e] Effect of the vicinity temperature.
[f] Periphery configuration (tube or pile). [g] Interaction effect of the vicinity temperature and the tested factor.
The Southwest location was consistently the coolest location and was located at the corner of the building (Table 2 , Fig. 2 ). At different locations and above the floor, the air velocity created by circulating fans was different and varied from 3.7 to 6.7 m/s. The South-West corner also had the lowest airflow. It was proposed that different air flows on the floor caused different floor temperatures. Therefore, creating a uniform air flow on the floor of the entire building during the heat treatment period might be more important than creating certain airflows at higher locations. Uniform air flow on the floor might also help to avoid under-heated floor areas.
Temperature on the surface of the grain mass
The periphery configurations (flat or sloped surface in tubes or piles, respectively) did not significantly influence the increasing rate of the surface temperatures of the grain mass, while the vicinity temperature significantly influenced the rate of temperature increase in one of the factor tests (Table 4) . Vicinity temperature and periphery configurations significantly influenced the MT of the surface temperatures of grain mass (Table 4 ). There were interactions between the vicinity temperature and periphery configuration. These results indicated that the vicinity temperature mainly influenced the rate of temperature increase at the grain surface. The heat treatment temperature and the airflow rate at the different locations mainly influenced the vicinity temperature. After the surface grain temperature reached 97% of its maximum temperature (which was close to the vicinity temperature) it was influenced by the periphery configurations. At the end of the heat treatment, these influences could make 1.8±0.8 °C difference between different configurations of the same grain at the same location. 
Temperature inside grain mass
The temperature of the concrete floor with grain was always lower than that of the concrete floor without grain and that of grain at the surface or middle location (Fig. 4 , Table 5 ). The rate of temperature increase at the middle or bottom of the grain mass was significantly lower than that at its higher location (Table 5) . Grain inside the tubes or piles and at the middle or on the floor did not reach the maximum temperature at the end of the heat treatment (Table 5 ). These results indicate that increasing grain depth on the concrete floor would decrease the temperature on the concrete floor. These results were consistent with the heat transfer theory and the simulation results (Jian et al. 2012) . The mean and maximum of temperature difference between the top and the bottom of the grain mass inside tubes or piles were 24.9±0.3°C and 36.2°C, respectively. The mean and maximum values of temperature gradients inside all tubes and piles were 1.3±0.1°C/cm and 2.4°C/cm, respectively. There was no insect mortality in any of the tubes or piles. These results were consistent with published works related to insect mortality under different temperatures (Fields 1992; Mahroof et al. 2003a; 2003b; Roesli et al. 2003) . We would expect that insects would migrate from the hotter areas of the mill, equipment, and upper floors and seek refuge on the cooler concrete floor (Jian et al. 2002) . Therefore, sanitation might be necessary if a certain thickness of grain was left on the floor. In Part II of this research, we studied the maximum amount of grain or grain products that can be left in equipment and on floors yet still allow enough heat to penetrate the product and control all insects (Jian et al. 2012 ). [b] Rate of the temperature increase. [c] Maximum temperature. ◙ At least one replicate in the treatment did not reach the 97% maximum temperature. In the columns of Time, MT, and Rate, the different letters (X, Y and Z) after the number indicted significantly difference at 0.05 level using Tukey test. Surface = at the surface of the grain, Middle = at the middle of the grain, Bottom = at the bottom of the grain. CONCLUSIONS 1) Room temperature at higher locations had a smaller variation than those at lower locations.
2) Room temperature at different locations had the same distribution pattern in the vertical direction, even though some places had circulating fans.
3) The temperature gradients in the vertical direction decreased with increasing height. The maximum and mean values of the temperature gradients above the surface of the concrete floor, without grain, were 5.4°C/cm and 3.6±0.0°C/cm, respectively.
4) The vicinity temperature mainly influenced the rate of temperature increase at the grain surface. After the surface grain temperature reached 97% of its maximum temperature, the surface grain temperature would be influenced by the vicinity temperature and periphery configurations (flat or sloped surface in tubes or piles, respectively).
5) Increasing grain depth on the concrete floor decreased the temperature on the concrete floor.
